A sensitive and highly reproducible assay was utilized to study in vitro interactions of Listeria monocytogenes with resident and activated macrophages. The technique is not compromised by extracellular events and can readily differentiate between the efficiency of ingestion and the postphagocytic fate of bacteria. Heatlabile factors in human or homologous serum markedly enhanced the phagocytosis of Listeria without noticeably affecting the intracellular fate of the microorganis. The behavior of Listeria within macrophages cultivated from C57BL/ 6 and BALB/c mouse strains corresponded to previous reports of in vivo growth patterns in inbred mice. Thioglycolate-or caseinate-elicited macrophages, although highly phagocytic, were unable to prevent the proliferation of Listeria. A bactericidal macrophage population was derived from C57BL/6 mice which had been immunized intraperitoneally with a sublethal dose of L. monocytogenes and subsequently boosted with heat-killed homologous organisms. Elicitation of immune animals produced an increase in the percentage of peroxidase-postive macrophages, but this activity could not be correlated with restriction of intracellular bacterial growth.
A sensitive and highly reproducible assay was utilized to study in vitro interactions of Listeria monocytogenes with resident and activated macrophages. The technique is not compromised by extracellular events and can readily differentiate between the efficiency of ingestion and the postphagocytic fate of bacteria. Heatlabile factors in human or homologous serum markedly enhanced the phagocytosis of Listeria without noticeably affecting the intracellular fate of the microorganis. The behavior of Listeria within macrophages cultivated from C57BL/ 6 and BALB/c mouse strains corresponded to previous reports of in vivo growth patterns in inbred mice. Thioglycolate-or caseinate-elicited macrophages, although highly phagocytic, were unable to prevent the proliferation of Listeria. A bactericidal macrophage population was derived from C57BL/6 mice which had been immunized intraperitoneally with a sublethal dose of L. monocytogenes and subsequently boosted with heat-killed homologous organisms. Elicitation of immune animals produced an increase in the percentage of peroxidase-postive macrophages, but this activity could not be correlated with restriction of intracellular bacterial growth.
In vitro assessment of macrophage resistance to intracellular bacterial infection has been handicapped by technical difficulties which have resulted in inconclusive and conflicting reports. In many instances, it is not clear whether immune macrophages in culture are bactericidal, bacteriostatic, or merely capable of inhibiting the rate ofintracellular bacterial growth. Several studies indicate that macrophage antibacterial activity may be an artifact of the internalization of drugs utilized to restrict the growth of adherent or unphagocytized bacteria in the cultivation medium (1, 9, 21) . Determinations of intracellular killing may also be confused with extracellular bacterial sterilization by secretory products of activated macrophages (3, 19) .
The confusion is further compounded by the usage of diverse modalities for the preparation of activated or stimulated macrophages. Macrophage activation is not an all-or-none phenomenon, but develops in a stepwise manner in response to multiple stimuli (12, 18 Table 2 . In all experiments, the organism exhibited considerable growth within a 4-h interval. Prolongation of the incubation period revealed additional replication of intracellular bacteria. In contrast, S. aureus, a microorganism reported to be incompletely killed in mononuclear phagocytes (4, 14) , showed a slight diminution in the intracelllar population after 4 to 6 h. Total intracellular and extracellular counts perforned at the conclusion ofphagocytosis were not different from the number of bacteria incubated in the cultivation medium, indicating that bacteria survived-the initial period allotted for phagocytosis.
The assay system was utilized to determine patterns of intracellular replication of L. monocytogenes in macrophages derived from different mouse strains (Table 3) . Listeria was capable of multiplication in peritoneal macrophages derived from inbred BALB/c, C57BL/6, and outbred CD-1 mouse strains. However, bacterial replication in CD-1 macrophages was minimal after 4 h, and in some experiments, bacteriostasis was observed at the end of the experimental period. In comparison with macrophages cultivated from the C57BL/6 mouse strain, cells obtained from BALB/c mice were consistently found to be less able to control intracellular growth.
A goal of this investigation was to determine whether the assay could accurately determine the fate of L. monocytogenes in macrophages activated via phlogistical and immunological modalities. Table 4 shows that Listeria replicated in thioglycolate-stimulated cells. These macrophages appeared to be activated according to morphological criteria and displayed high levels of fluid-phase pinocytosis as recorded by the internalization of horseradish peroxidase (data not shown).
Data on the intracellular behavior of Listeria in immunologically activated macrophages are shown in Table 5 . Adherent peritoneal cells obtained from 7-day Listeria-immune animals were unable to control the growth of bacteria, whereas macrophages harvested 18 h after intraperitoneal elicitation with heat-killed antigen bSee Table 2 , footnote a. were highly bactericidal. Antilisterial activity could not be demonstrated in normal macrophages elicited with Listeria antigen or in peritoneal cells derived from immunized animals which had been elicited with a nonspecific inflammatory agent.
Elicitation of BCG-imnmune mice with tuberculin antigen has been shown to produce a large influx into the peritoneum of a tumoricidal population of peroxidase-positive macrophages (23 (2) 5 (1) 2 (1) Immune fetal calf serum 1 (1) 1 (1) 1 (1) elicited a Peritoneal cells were collected from mice treated intraperitoneally 1 day previously with 1 ml of fetal calf serum or 5 days previously with either 1 ml of 3% fluid thioglycolate or 106 heat-killed Listeria (antigen) and from 7-day Listeria-immune animals elicited with either antigen, thioglycolate, or fetal calf serum 18 h before assay.
b The percentage of peroxidase-positive macrophages on cover slips in Costar chambers was determined histochemically at the indicated time intervals after cultivation. The results represent the average and standard deviation (in parentheses) of triplicate determinations, each involving the observation of 300 macrophages per cover slip. c ND, Not determined. cytized bacteria, the assay ensures that determinations of viable intracellular microbial counts are not confused with total cell-associated microorganisms or the action of extracellular antilisterial products which may be released by stimulated or activated macrophages (3, 19) .
L. monocytogenes is a pathogen which is generally believed to possess a surface sufficiently attractive to the phagocyte that it need not be opsonized to be engulfed. Although the microorganisms may simply attach to macrophages and stimulate phagocytosis, the findings presented in Table 1 suggest that heat-labile serum factors were significant in the ingestion sequence. C3b presumably generated through activation of the alternative complement pathway by Listeria cell wall fragments (2) may be the major opsonin, with residual activity furnished via natural antibody to the microorganism. Steigbigel et al. (25) reported that human monocyte killing of Listeria is significantly diminished in heat-inactivated autologous serum. However, their assay system did not distinguish the effect of serum on intracellular killing from that on phagocytic activity. The present study distinguishes the level of ingestion from postphagocytic events and suggests that opsonic factors may participate with macrophages in the clearing of Listeria from infected foci.
The intracellular fate of Listeria and S. aureus strains (Table 2) in resident macrophages was generally predictable. Whereas L. monocytogenes replicated within a short time interval, the staphylococci were incompletely killed after intracellular residence. It was also determined whether or not subtle differences could be detected in the intracellular growth of Listeria in macrophages cultivated from genetic strains of mice differing in resistance and susceptibility to in vivo challenge with this microorganism. The patterns of bacterial replication in C57BL/6 and BALB/c macrophages (Table 3) corresponded with the growth of Listeria in the livers and spleens of these animals (8) , suggesting that differences between the mouse strains could reside in the ability of the nonimmune macrophages to handle the microorganism.
The assay was utilized to study the fate of L. monocytogenes in macrophages differing in states of activation. It has become increasingly evident that macrophage activation is not a stereotypic response. Mononuclear phagocytes can be activated by a number of agents and may exist in a variety of stages or levels of activation (12, 18 (15) . The results obtained in this study (Table  4) confirm previous reports (5, 20, 24) of the failure of nonspecifically stimulated cells to control the intracellular growth of facultative intracellular parasites. Immunologically activated macrophages were found to display bactericidal activity toward Listeria only when the mice received an injection of heat-killed bacteria 18 h before harvest of peritoneal cells (Table 5 ). In the absence of the eliciting antigen, macrophages harvested from immune animals were found to support the intracellular growth of the microorganisms. These observations appear to reflect the dynamics of intraperitoneal infection with respect to the development of the acquired cellular immune response. Macrophage activation occurs locally, where products of the bacteria and mediators released from thymus-dependent lymphocytes are in high concentration (10) . For this reason, local macrophages achieve much higher states of activation and antimicrobial resistance than do systemic cells. The peritoneal cavity of 7-day Listeria-immune animals are essentially free of bacteria which have established distant foci in the spleen and liver. Reintroduction of antigen into the peritoneum initiates local activation where the bacilli and their products stimulate macrophages, probably via lymphokines produced by the influx of committed lymphocytes into the inflammatory site. In this regard, peritoneal exudates induced in Listeria-infected rats have been shown to be rich in specifically sensitized lymphocytes which derived from the blood and are delivered to the peritoneal cavity in a blast condition (16, 17) .
Our results extend previous observations regarding the development of microbicidal activity of macrophages against trypomastigotes of Trypanosoma cruzi (20) . Macrophages from animals infected with T. cruzi showed trypanostatic, but not trypanocidal, activity when compared with cells derived from noninfected controls. However, when animals infected for 2 to 6 weeks were challenged intraperitoneally with heat-killed trypanosomes, their macrophages were able to destroy 70% of the ingested trypomastigotes. Additionally, macrophages from T. cruzi-infected animals challenged with either the unrelated stimulant or a nonspecific stimulant were also able to kill equal numbers of organisms. The results obtained in the present investigation were basically similar, except macrophages derived from Listeria-immune animals were not bacteriostatic and listericidal activity did not follow elicitation with a nonspecific stimulant. These differences may be explained by variability in the experimental conditions. The current investigation differed with respect to immunization schedules, the strain of animals, and the employment of a procaryotic target organism which may be less susceptible than the trypomastigotes to the antimicrobial systems of activated macrophages.
Secondary challenge of BCG-immune mice with tuberculin antigen induced the appearance of peroxidase-positive, mononuclear phagocytes into the peritoneal cavity (23) . These immigrant monocytes were not only responsible for tumor cell cytotoxicity, but were subsequently shown to be the cell population that was most responsive to lymphokine. Bactericidal macrophages obtained from Listeria-immune mice, however, were not associated with a population of peroxidase-positive monocytes ( Table 6 ). The peritonea of antigen-elicited mice were shown to contain relatively small percentages of macrophages stainable for peroxidase. In addition, thioglycolate-elicited cells, although highest in peroxidase content, are devoid of antilisterial activity. These observations present evidence against peroxidase-mediated bactericidal systems in the killing ofListeria by immune macrophages. This is in accord with the investigations of Biggar et al. (6) , which showed that peroxidase and hydrogen peroxide do not contribute to the bactericidal capacity of rabbit alveolar macrophages. However, these findings do not preclude a role for other oxidative killing mechanisms, and at this time, we are determining whether the immune antigen-elicited macrophage utilizes active oxygen species for the intracellular destruction of L. monocytogenes.
